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ABSTRACT 

Tuning optical properties of single-wall carbon nanotubes (SWCNTs) via oxygen doping has been 

a simple and effective approach to create fluorescent quantum emitters.  We performed oxygen 

doping of SWCNTs in water utilizing chirality-pure (6,5) enantiomers with different surface 

coatings of DNA and surfactants by ultraviolet (UV) light irradiation.  We found the reaction to 

be primarily dependent on the wavelength of UV light and the specific coating material on the 

nanotube surface.  Particularly, DNA coatings react more readily with reactive oxygen species that 

is photochemically produced at a short wavelength UV light than SWCNTs, preventing oxygen 

doping of nanotubes to occur.  The surface coverage of SWCNTs created by coating materials 

plays a weaker role on controlling the reaction efficiency of oxygen doping.  This is demonstrated 

clearly by the lack of oxygen doping for two (6,5) enantiomers wrapped by DNA with drastically 

different surface coverage.  These findings reveal important mechanisms of oxygen doping of 
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SWCNTs, providing methods of controlling optical properties of nanotubes for developing unique 

applications. 

 

INTRODUCTION 

Surface chemistry of carbon nanotubes offers vast possibilities for tuning the electronic structures 

of nanotubes and property enhancement, therefore enabling applications including biochemical 

sensing and imaging,1,2 optoelectronic devices,3 and photonics.3–5  Covalent modification of 

semiconducting single-wall carbon nanotubes (SWCNTs) is of growing interest due to its 

robustness and versatility in creating highly emissive deep trap states on the sidewall of SWCNTs.  

Specifically, covalently-doped SWCNTs have been achieved through various routes such as 

oxygen doping via bleach2 or ozone treatment,6–9 as well as reactions with diazonium salts10–12 and 

other functional groups.13–16  While oxygen doping of SWCNTs can lead to a stable, ether-type 

oxygen adduct that can maintain the  sp2 carbon hybridization,5,8 diazonium and other doping 

approaches create sp3 defects on the sp2 carbon lattice of SWCNTs.10,11  Furthermore, chemical 

adducts that are introduced covalently are shown to yield brighter photoluminescence (PL) with  

longer exciton lifetimes17 at a new, red-shifted wavelength in the near-infrared (NIR) region due 

to the trapping of mobile excitons at the synthetic dopant sites.5,18  This makes functionalized 

SWCNTs more desirable as NIR fluorescent probes for biomedical imaging,2,6 in addition to 

providing a source for single photon emission4,18 and other optoelectronic applications.   

In addition to the chemical nature of doping molecules, environmental effects8 such as 

solvents and coating materials on the surface of  SWCNTs, as well as  the light source2,11 utilized 

for nanotube chemistry can affect the efficiency of reactions and the resulting deep trap emission 

features.  Different dielectric environments experienced by chemically introduced sites due to 
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variations in the surrounding solvent or the surface coverage along the length of nanotube created 

by coating materials can lead to a large inhomogeneous broadening of deep trap emission.8,19,20  

Solvent plays an important role during the reaction, affecting the lifetime of the defect-state PL.20  

Various  solvents, such as water,20,21 deuterium oxide (D2O),10,11 and organic solvents12,20 have 

been utilized for SWCNT functionalization.  Furthermore, surface coatings of SWCNTs play a 

significant role during the covalent modification reactions.  Depending on the surfactant identity 

and concentration, the reaction can either be facilitated or inhibited, particularly for the covalent 

oxygen doping of SWCNTs.2,22  Ghosh et al. were the first to observe the oxygen doping effect on 

SWCNTs that creates strong NIR emission with visible light and ozone treatments of nanotubes.6  

Since then, oxygen-doped SWCNTs have been produced via various routes at varying reaction 

time periods (from seconds to hours), including ozonolysis of air-suspended7 and surfactant-

dispersed SWCNTs in a solvent6,8 under light exposure, as well as a solid state doping approach 

utilizing SWCNT matrices coated with an oxide thin film.18,22  

Here, we demonstrated that the oxygen doping of pure-chirality (6,5) SWCNTs in 

deionized (DI) water is a readily occurring reaction when exposed simply to a short wavelength 

ultraviolet (UV) light (i.e., 254 nm) without adding extra chemicals and the reaction is strongly 

dependent on the specific coating material (i.e., DNA and different surfactants) on the SWCNT 

surface.  The surface coverage of SWCNTs created by coating materials was found to play a 

weaker role in the oxygen doping reaction.  Specifically, we purified a pair of (±) (6,5) enantiomers 

using the recognition single-stranded DNA sequence TTA TAT TAT ATT in a polymer aqueous 

two-phase system.23  Subsequently, DNA coatings of purified (6,5) tubes were displaced by 

surfactants of various binding affinities to SWCNTs including sodium dodecylbenzene sulfonate 

(SDBS), sodium dodecyl sulfate (SDS), sodium cholate (SC), and sodium deoxycholate (SDC).  
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Particularly, SDC is known to interact with SWCNTs much stronger than other surfactants due to 

its rigid, steroid-ring structure that assists the formation of a homogenous, thick bound layer of 

surfactant around SWCNTs.24–26  The set of DNA- and surfactant-wrapped (6,5) tubes in water 

were exposed to UV light to study the formation of fluorescent quantum defects via oxygen doping.  

We have performed a minimum of three repeats of each oxygen doping reaction and presented 

representative spectroscopy findings here.  Additional data can be found in the Supporting 

Information.   

 

EXPERIMENTAL SECTION 

Polymer Aqueous Two-Phase Separation of (6,5) Enantiomers.  Aqueous dispersions 

of DNA-wrapped SWCNTs (i.e., 1 mg/mL SWCNT – 2 mg/mL DNA) and pure-chirality (6,5) 

enantiomers were prepared according to our previously published procedure.23,27  Briefly, 

CoMoCAT SWCNT powder (SG65i-L39, CHASM Advanced Materials) was dispersed in a total 

volume of 1 mL aqueous solutions of recognition DNA sequence TTA TAT TAT ATT (Integrated 

DNA Technologies) containing 0.1 mol/L NaCl by probe tip sonication (model VCX 130, Sonics 

and Materials, Inc.) in an ice bath for 2 hours at a power level of 8 W.  Supernatant dispersions 

were collected after 90 min centrifugation at 17,000 g for SWCNT purification.  A pair of (6,5) 

enantiomers were separated in a polymer aqueous two-phase (ATP) system containing 7.76 mass% 

poly(ethylene glycol) (6 kDa)/15.0 mass% polyacrylamide (10 kDa) (PEG/PAM).23  Specifically, 

(−) (6,5) enantiomer was isolated in the PEG-rich top phase and (+) (6,5) enantiomer was separated 

in the PAM-rich bottom phase.  Here, the plus or minus sign of (6,5) species is assigned according 

to the signs of the circular dichroism values at the E22 position of (6,5) near 573 nm.  The (6,5) 
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SWCNTs have the enantiomeric excess of > 90% for each handedness tube based on our prior 

report.23  Details of SWCNT separation by polymer ATP method can be found in prior work.23  

After ATP separation of DNA-SWCNTs, polymers were removed according to the 

SWCNT precipitation method reported previously.23,27,28  Briefly, a final concentration of 1.0 

mol/L sodium thiocyanate (NaSCN, Sigma-Aldrich) was added to purified  (6,5) SWCNT species 

in polymer phases, and the sample was incubated overnight at 4 oC.  Adding the corresponding 

DNA recognition sequence at 100 µg/mL during the incubation stage is recommended to prevent 

nanotube aggregation.  Then, the mixture was centrifuged at 17,000 g for 30 min to remove the 

solvent and the purified (6,5) SWCNT pellet was resuspended in deionized (DI) water by bath 

sonication at room temperature for 30 min.  DNA sequence TTA TAT TAT ATT at a final 

concentration of 100 µg/mL was added to purified (6,5) enantiomers to improve the dispersion 

stability for a long-term storage. 

Displacing DNA Coatings of (6,5) Tubes by Surfactants.  Stock solutions of surfactants 

in DI water including 10 mass% sodium dodecylbenzene sulfonate (SDBS) (Sigma-Aldrich), 10 

mass% sodium cholate (SC) (≥99% BioXtra), 10 mass% sodium dodecyl sulfate (SDS)  (≥99% 

BioXtra), and 10 mass% sodium deoxycholate (SDC) (≥98 % BioXtra) were prepared for 

DNA/surfactant exchange reaction of purified (6,5) enantiomers.  For the surfactant exchange 

procedure, stock purified DNA-(6,5) sample was mixed with various surfactants at a final 

concentration of 1 mass %.  Mixtures were incubated in an oven at 40 oC for 10 minutes to allow 

for surfactant exchange, followed by 10 min bath sonication at room temperature.  (6,5) tubes were 

then diluted in DI water to obtain 150 µL sample with an absorbance value of 0.1 ± 0.02 at the E11 

peak wavelength near 985-992 nm, which corresponds to approximately 0.65 µg/mL concentration 

of SWCNTs,29 for the subsequent oxygen doping reaction.  The corresponding concentrations of 
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coating materials are provided in Table S1.  We utilized absorption and fluorescence spectroscopy 

of SWCNTs to monitor the DNA/surfactant exchange reaction according to our previous work 

(Figures S1, S2 and Tables S1, S2).30  The final concentrations of surfactants in (6,5) tubes utilized 

for oxygen doping experiments are lower than the critical micelle concentration (CMC) values 

(Table S1).   

Oxygen Doping Reaction of (6,5) Tubes.  For oxygen doping reactions of (6,5) tubes with 

different coatings (i.e., DNA and various surfactants), SWCNT samples were left exposed to 

ambient air for 30 minutes before ultraviolet (UV) light (3UV Lamp, cat# 95034, Thermo 

Scientific) exposure.  Specifically, (6,5) tubes were exposed to 254 nm and 365 nm wavelengths 

UV light at a power density of ≈13 mW/cm2 for the desired time period.  (6,5) samples were kept 

in an ice bath when exposing to UV light for the desired time to avoid overheating of nanotube 

samples.  Additionally, oxygen removal of (6,5) samples was performed at room temperature to 

investigate the effect of dissolved oxygen amount on the oxygen doping of SWCNTs.  Cuvette 

containing SWCNT sample was inserted with a needle connected to a vacuum pump (8907, 

Welch).  Samples were left under vacuum for a few seconds up to a minute until bubbles were no 

longer formed.  Then, the vacuum needle was switched for the needle connected to an argon (Ar) 

gas tank in order to purge the sample with Ar and replace remaining air in the cuvette.  This process 

took only 1-2 seconds due to the small volume capacity of the cuvette.  The process of vacuum to 

purging with Ar was repeated for at least three times to ensure air bubbles were no longer formed.  

Optical Spectroscopy Characterization.  Optical spectroscopy characterization including 

vis-near infrared (NIR) absorbance, NIR fluorescence and Raman spectra measurements were 

performed on a NS3 Nanospectralyzer (Applied NanoFluorescence, LLC) using a 10 mm path 

length quartz cuvette.  Due to extremely dilute concentration of SWCNTs in samples, the D peak 
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near 1320 cm-1 for oxygen-doped nanotubes in Raman spectra was not obvious.  For 

DNA/surfactant exchange, DNA coating displacement by a surfactant was characterized by 

absorption and fluorescence spectral changes of the E11 peak of (6,5) species (Figure S1 and S2, 

Table S2).  Specifically, Table S2 summarizes the fluorescence spectral changes including the 

solvatochromic shifts (i.e., spectra shifts) and changes in emission intensity at the 𝐸11 peak 

wavelength of (6,5) tubes.  Fluorescence spectral changes of nanotube are caused by variations in 

the environmental dielectric constant due to the DNA coating displacement by surfactants.  For 

oxygen doping experiments, optical spectra of (6,5) samples were measured before and after the 

oxygen removal process as well as before and after UV light exposure.  For peak fitting of oxygen-

doped SWCNTs, the 𝐸11 and 𝐸11
−   emission peaks were fitted with Voigt profiles using Origin Pro 

2019b v2, and the ratio of the integrated peak areas were plotted to obtain the relative doping 

degree percentage.  

 

RESULTS AND DISCUSSION 

As a quasi-one-dimensional (1D) nanomaterial, SWCNTs are of high interest for covalent 

modification because all atoms are exposed to the surface, providing vast potential for introducing 

chemically stable sites such as oxygen adducts.  These dopant sites can effectively trap the intrinsic 

1D mobile excitons in SWCNTs to zero-dimensional (0D) localized states, therefore creating a 

0D-1D hybrid low-dimensional system with tunable optical properties.5,31,32  It has been shown 

that SWCNTs can react with dissolved oxygen at ambient condition via a reversible redox reaction 

due to charge transfer with adsorbed oxygen species, resulting in the quenching of nanotube 

fluorescence at the pristine 𝐸11 peak.29,33  However, it is also possible to produce reactive oxygen 

species (ROS) via a photochemical process under high energy, short wavelength UV 
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irradiation,34,35 and the highly reactive oxidant can irreversibly react with SWCNTs through 

forming covalent C-O-C bonds of ether or epoxide adducts on the nanotube.8  These oxygen 

adducts that are introduced covalently on the surface of SWCNTs create a new 𝐸11
−  peak that 

fluoresces at a longer wavelength.  Here, when SDBS-coated (–) (6,5) species were exposed to 

254 nm wavelength UV light for 50 minutes, we observed a new, red-shifted emission peak (𝐸11
− ) 

at 1131 nm accompanied by a decrease in the emission intensity of the pristine 𝐸11 peak of (–) 

(6,5) at 986 nm (Figure 1a).  The corresponding energy separation (∆𝐸 = 𝐸11 − 𝐸11
− ) of the SDBS-

(–) (6,5) sample after UV (254 nm) exposure yields 160 meV, indicating the formation of a stable, 

ether-type oxygen adduct with sp2-hybridized carbon atoms.8  The observed 𝐸11
−  emission 

wavelength is similar to that of oxygen-doped (6,5) samples obtained previously by ozone or 

bleach treatment.2,6  The corresponding absorption spectrum of oxygen-doped (–) (6,5) showed 

decreases in absorbances values at both 𝐸11 (988 nm) and 𝐸22 (572 nm) optical transition peaks 

by 29.1% and 17.5%, respectively, which originate from the perturbation in the π-electron system 

of nanotubes from covalent functionalization (Figure 1b).2 
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Figure 1.  Oxygen doping of SDBS-coated (–) (6,5) complex with UV light illumination.  (a) 

Fluorescence and (b) absorbance spectra of (–) (6,5) before (i.e., pristine) and after being exposed 

to 254 nm UV light for 50 minutes.  In comparison, (c) fluorescence and (d) absorbance spectra of 

(–) (6,5) exposed to long wavelength UV light (365 nm) for 50 minutes did not show the 𝐸11
−  

optical features of doped SWCNTs.   

 

In comparison, no evidence of a new 𝐸11
−  emission peak was found when the SDBS-(–) 

(6,5) sample was exposed to a 365 nm wavelength UV light for 50 minutes (Figure 1c).  The slight 

decrease (i.e., 9 %) in the pristine 𝐸11 emission intensity is likely caused by a minor change in the 

local dielectric environment surrounding nanotubes due to variation in surfactant coating structure 

with UV irradiation (Figure 1c).  The corresponding absorption spectrum remains essentially 

unchanged (Figure 1d).  This could be due to the lower energy of 365 nm UV light being 
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insufficient to produce ROS, as the UV absorption of molecular oxygen at various states occurs 

below 300 nm.36  Additionally, UV light induced excitation of semiconducting (6,5) tubes may 

promote the energy exchange between the excited state SWCNTs and some oxygen molecules that 

may have been adsorbed on the nanotube surface, possibly facilitating the oxygen doping 

reaction.11,37  The proposed photochemical reaction of SDBS-SWCNTs in the presence of 

dissolved oxygen and short wavelength UV light is illustrated in Scheme 1.  Particularly, UV light 

irradiation of aqueous dispersions of SWCNT samples likely leads to ROS generation via 

photoactivation of dissolved oxygen, and ROS further reacts with nanotubes to create fluorescent 

quantum defects.  Although the mechanism of ROS generation may be rationalized by future 

studies, the phenomenon of defect-state 𝐸11
−  peak formation with a separation energy of 160 meV 

for SDBS-SWCNTs suggests ether-type oxygen doping of nanotubes by highly reactive oxidant.  

Additionally, we performed control experiments to further determine the role of dissolved oxygen 

on the covalent-doping of SDBS-(–) (6,5) in water by oxygen removal through a combination of 

vacuum and purging samples with argon.  The treatment was effective to a certain extent, as 

evidenced by the increase in pristine nanotube PL after the oxygen removal process (Figure S3).33  

The resulting sample was irradiated with 254 nm UV light.  We observed the appearance of 𝐸11
−  

fluorescence peak at 1123 nm in SDBS-(–) (6,5) complex after oxygen removal treatment, 

indicating nanotube reaction due to the remaining small amount of dissolved oxygen in water.  

However, the emission intensity ratio 𝐼11
− 𝐼11⁄  (i.e., 𝐼11

−  corresponds to the intensity of 𝐸11
−  peak, 

and 𝐼11 is intensity at the pristine 𝐸11 peak before reaction) of 0.38 for SDBS-(–) (6,5) with oxygen 

removal is lower than that of untreated sample with 𝐼11
− 𝐼11⁄  ≈ 0.63 (Table S3).  This indicates that 

a sufficient amount of dissolved oxygen is needed to facilitate the UV light induced oxygen doping 

of SWCNTs.  
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Scheme 1. Oxygen doping of SWCNTs by UV light irradiation in water.  

 

 

Figure 2 shows the reactivity of oxygen doping of SDBS-(–) (6,5) samples by plotting the 

growth of the dopant-induced emission intensity at 𝐸11
−  peak and the decrease of the pristine 𝐸11 

emission intensity, respectively, as a function of UV (254 nm) exposure time.  The formation of 

defect-state 𝐸11
−  peak occurred within 20 minutes of UV light irradiation.  Particularly, the 𝐸11

−  

emission intensity increased initially with UV exposure time and reached a maximum near 50 

minutes.  This is followed by a continuous decrease in intensity with longer irradiation time.  

Additionally, we observed an energy separation of up to ∆𝐸 ≈ 176 meV and broadening of 𝐸11
−  

emission peak when UV irradiation was longer than 50 minutes (Figure S4).  These observations 

indicate that the optimum UV exposure time for forming stable, ether adducts on SDBS-(–) (6,5) 

samples under our experimental condition is around 50 minutes and extended UV light irradiation 

will result in the creation of excess defect sites along the nanotube surface.8  In comparison, the 

pristine 𝐸11 emission intensity decreases by 40 % within 20 minutes of UV irradiation and decays 

monotonically.  The corresponding absorbance values at 𝐸11 remain relatively stable up to an hour 

of UV light exposure and decrease slightly for the duration of a 3 hour experiment, indicating that 

SWCNTs remain relatively stable during the photochemical reaction process (Figure S5).  In the 
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following experiments, we compared the effect of coatings materials on the oxygen doping of 

SWCNTs using 254 nm UV light with 50 minutes exposure time.    

 

 

Figure 2.  Normalized emission intensities of defect-state 𝐸11
−  peak near 1131 nm and pristine 𝐸11 

peak at 986 nm for SDBS-(–) (6,5) complex as a function of UV (254 nm) irradiation time.  I 

denotes the emission intensity of 𝐸11 and 𝐸11
− , respectively, at varying time periods.  Imax denotes 

the maximum emission intensity of 𝐸11 (before reaction) and 𝐸11
−  (after reaction), respectively.  

Dashed lines are provided as a guide for the eye.  The error bars were obtained from the standard 

deviation of three repeats.  

 

We performed UV irradiation of (–) (6,5) tubes wrapped by different coating molecules 

including the recognition DNA sequence and three additional surfactants with varying ability to 

stabilize SWCNTs in water (Figure 3).  Among the (–) (6,5) samples that we have investigated, 

the formation of a defect-state 𝐸11
−  emission peak was not observed for nanotubes coated by DNA 

and SDC (Figure 3a,b).  It has been shown previously that oxygen doping of SWCNTs is highly 

dependent on the surfactant coating structures on the surface of nanotubes.2,22  Particularly, SDC 

is known to interact with SWCNT strongly and form a compact, uniform coating layer around the 

SWNCTs which tends to shield the SWCNT surface from interacting with reactive dopant 
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species.22,26  The compact coating structure of SDC is likely inhibiting the access of reactive dopant 

species to the nanotube surface, as evidenced by the pristine 𝐸11 emission remaining essentially 

unchanged with 254 nm UV irradiation (Figure 3b).  On the other hand, we observed ≈ 47 % 

decrease in the pristine 𝐸11 emission intensity after UV exposure for DNA-(–) (6,5), while a new 

red-shifted 𝐸11
−  peak did not form.  This is particularly interesting because an ordered DNA 

wrapping structure is known to form around a specific SWCNT species as a result of a DNA 

recognition sequence based sorting of SWCNTs, exposing a certain degree of bare SWCNT 

surfaces that do not interact with DNA.38,39  The exposed SWCNT surface is likely to interact with 

reactive species in the surrounding environment.   

We speculate that DNA coatings around SWCNTs protect nanotubes from highly reactive 

oxidant in this scenario due to its unique physicochemical property.  First, it is known that ROS 

causes oxidative DNA damage in a site-specific manner, and degradation of thymine residues has 

been observed in adenine/thymine (A/T) rich regions during ozonolysis.40–42  The recognition 

sequence of (6,5) enantiomers is composed of A/T nucleobases, which may react with ROS more 

readily than SWCNTs.  Second, DNA coatings on the nanotube effectively absorb 254 nm UV 

light, which is resonant with the DNA 𝜋-𝜋∗ absorption band at ≈ 240-285 nm, therefore 

attenuating the UV radiation effect on SWCNTs through energy transfer.43  The resulting charge 

transfer from the UV photoexcited nucleobases to the SWCNT is likely the reason for the 

quenching of nanotube PL observed in Figure 3a.  The phenomenon of strong quenching of the 

nanotube PL has been observed previously for DNA-SWCNT samples as well when the UV 

excitation is in resonant with the DNA absorption.44  Third, recent work has shown that the tightly 

bound DNA wrapping around a SWCNT could lead to a higher surface coverage than that of weak 

surfactants due to the strong interactions between the nucleobases and the surface of SWCNTs 
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resulting from a combination of van der Waals, hydrophobic, and Coulomb forces.39,45  The high 

surface coverage of (–) (6,5) tube could potentially play a role, although to a lesser extent, in 

shielding  a DNA-SWCNT complex from reacting with reactive dopant species.    
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Figure 3.  Fluorescence spectra of (–) (6,5) SWCNTs coated by different dispersing molecules 

including (a) the recognition DNA sequence TTA TAT TAT ATT, (b) SDC, (c) SC, and (d) SDS 

before (i.e., pristine) and after exposure to 254 nm UV light for 50 minutes.  (e) Coating material-

dependent relative doping degree, which is defined as the peak area ratio between the integrated 

fluorescence intensity of the defect-state 𝐸11
−  peaks (> 1050 nm) and the overall fluorescence 

intensity.  

 

In comparison, (–) (6,5) nanotubes coated by SDBS, SDS, and SC have led to varying 

degrees of oxygen doping of SWCNTs as evidenced by the formation of defect-state 𝐸11
−  peaks 

with different optical properties (Figures 1a and 3c,d, Table S3).  Specifically, SDBS exhibited the 

most efficient oxygen doping, with an emission intensity ratio 𝐼11
− 𝐼11⁄  of 0.63 and an energy 

separation Δ𝐸11 of 160 meV after photoreaction (Table S3).  The oxygen doping of (–) (6,5) tubes 

complexed with SC and SDS is less efficient under the experimental condition used in this work, 

yielding  𝐼11
− 𝐼11⁄  ratios of 0.09 and 0.18, as well as Δ𝐸11 of 123 and 159  meV, respectively (Figures 

3c,d and Table S3).  Moreover, we obtained the relative doping degree from the peak area ratio 

between the PL intensity integrated over the defect-state 𝐸11
−  peak (> 1050 nm) and the total 

spectrally integrated PL intensity that includes the 𝐸11 peak after UV irradiation of SWCNT 

samples (Figure 3e and Figure S6).22  Our results suggest that the oxygen doping of (–) (6,5) tube 

is strongly dependent on the coating material property.  The surface coverage of nanotubes plays 

a certain role in oxygen doping, particularly for surfactant-coated tubes, as weaker surfactants such 

as SDS, SDBS, and SC are known to form sparse, disordered micellar structures on the SWCNT 

surface.24,46,47  Additionally, UV irradiation of SDS- and SC-coated (–) (6,5) after oxygen removal 

showed no obvious 𝐸11
−  peak formation, further indicating the importance of dissolved oxygen in 

assisting the oxygen doping of SWCNTs (Figure S3).  

Next, we explored further the effect of surface coverage of SWCNTs on oxygen doping by 

comparing the results of (±) (6,5) enantiomers wrapped by the same DNA recognition sequence 
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TTA TAT TAT ATT after UV (254 nm) irradiation (Figure 3a, Figure 4a, and Figure S8).  In our 

prior work, the wrapping conformation of the same recognition DNA sequence on the two (6,5) 

enantiomers was found to be drastically different, leading to their separation in a polymer aqueous 

two-phase system.23  Particularly, DNA-(–) (6,5) complex has higher surface coverage than that 

of DNA-(+) (6,5) as evidenced by its larger anhydrous density (density of the DNA-SWCNT 

complex without any contributions from the associated hydration shell) and being less susceptible 

to oxidation.23  Similar to the outcome of DNA-(–) (6,5) complex, when DNA-(+) (6,5) was 

exposed to UV light, we observed no obvious formation of 𝐸11
−  emission peak, while the pristine 

𝐸11 peak emission intensity decreased by 37 % (Figure 4a).  The corresponding absorption 

spectrum of DNA-(+) (6,5) remains unchanged after UV irradiation (Figure S8a).  After displacing 

DNA coatings of (+) (6,5) by SDBS, a new 𝐸11
−  emission peak appears around 1123 nm, 

accompanied by a decrease in the pristine 𝐸11 peak (Figure 4b).  Furthermore, the emission 

intensity ratio 𝐼11
− 𝐼11⁄  of SDBS-(+) (6,5) after photoreaction is 0.60 and the energy separation ∆𝐸11 

is 154 meV, similar to that of  SDBS-(–) (6,5) complex (Table S3).  The corresponding absorption 

spectrum of SDBS-(+) (6,5) showed nearly 64 % decrease in the 𝐸11 absorbance value after 

exposure to 254 nm UV light (Figure S8b).  Direct comparison of fluorescence spectra of (±) (6,5) 

enantiomers coated by DNA and SDBS before and after UV (254 nm) irradiation is provided in 

Figure S9.  These results highlight the significant role of the chemical compounds of coating 

materials as compared to the surface coverage of SWCNTs during the photochemical oxygen 

doping of nanotubes.   
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Figure 4.  Fluorescence spectra of (a) DNA- and (b) SDBS-coated (+) (6,5) before (i.e., pristine) 

and after exposure to 254 nm UV light for 50 minutes.   

 

CONCLUSIONS 

In summary, we have demonstrated that the oxygen doping of SWCNTs is a readily occurring 

reaction in water with dissolved oxygen, where the reaction efficiency is strongly dependent on 

the UV light wavelength and the specific coating material on the nanotube surface.  Particularly, 

DNA coatings react with ROS more competitively than that of SWCNTs, therefore acting as a 
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materials plays a weaker role in the oxygen doping reaction as evidenced by the lack of 

photoreaction of the two (6,5) enantiomers that have drastically different surface coating structures 

formed from the same DNA sequence.  Among the (6,5) samples coated by different molecules 

(DNA and surfactants), SDBS-(6,5) enantiomers showed the highest oxygen doping efficiency 

under exposure to 254 nm UV light, as seen by the formation of the defect-state 𝐸11
−  emission peak.  

These findings reveal important reaction mechanisms of oxygen-doped, pure-chirality SWCNTs 

with tunable optical properties.  It also provides insights for controlling photochemical reactions 

of SWCNTs with other molecules and functional groups, by offering methods of circumventing 

the possible competing reaction of oxygen doping.  Combined, our work contributes to the 

advancement of carbon nanotube chemistry in enabling novel applications, such as creating NIR 

fluorescent agents for biomedical sensing and imaging as well as providing new materials for 

optoelectronics development.    
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